Pervaporation of ethanol from ethanol/water mixture solution using surface-modified mesoporous silica membranes has been carried out. The mesoporous silica layers were prepared on commercially available porous alumina tubes by dip-coating in a series of silica sols. Subsequently, organosilane compounds with different alkyl chain lengths [C n H 2n+1 (CH 3 ) 2 SiCl; n = 1, 3, 8, 12, and 18] were covalently reacted to the surface of these mesoporous layers with high coverage. Surface-modified mesoporous silica membranes showed ethanol permselectivity and the total flux increased with increasing ethanol concentration in feed composition and feed temperature. Ethanol separation factors in the range from 7.90 to 8.24 and total flux of 2.762.89 kg·m ¹2 ·h ¹1 were obtained by pervaporation at 323 K and at 5 wt % ethanol feed composition using surface modified membranes.
Introduction
There is growing interest in biofuels for transport. Especially, pervaporation through hydrophobic membranes is a potentially economically viable alternative technique for separating ethanol from aqueous solution, and can be competitive with traditional distillation units in small to medium-scale industrial applications. 1) In addition, continuous operation can remarkably reduce the cost and steadily maintain ethanol concentrations at lower levels where the microbes produce ethanol more efficiently. 2) Pervaporation of ethanol/water was introduced as an alternative approach to separate ethanol from ethanol/water mixtures by various research groups 3)9) using different membranes. Although the membranes prepared for the recovery of ethanol from ethanol/water mixtures exhibited higher selectivity, permeation flux was found to be too low for practical industrial application. 10)14) Furthermore, the identified membranes with high selectivity were available only at high production cost or with limited prepared area and thus could not be applied for largescale commercial applications. Thus, no commercial pervaporation membranes have yet been developed for the recovery of ethanol from ethanol fermentation. Therefore, it is necessary to develop a feasible process to overcome these problems and produce membranes suitable for industrial application.
In this study, hydrophobic silica membranes were prepared and studied with regard to their separation performance of ethanol from ethanol/water mixtures by pervaporation. In addition, the effects of the types of organosilane modifier and pervaporation process factors, such as feed composition, feed temperature, and pH, on permeation fluxes and separation factors were investigated to optimize the preparation and operation variables.
Experimental 2.1 Membrane preparation
Commercial porous asymmetric alumina tubes (NGK Insulators, Ltd.; mean pore diameter, 0.1¯m; o.d., 10 mm; i.d., 7 mm; length 50100 mm) were used as the membrane substrate. Dipcoating was performed in a class 1000 clean room at 295 K and 50% R.H. to prevent contamination by dust, which would cause pinholes in the membranes. The commercial ¡-Al 2 O 3 support used in this work consisted of an asymmetric multi-layered structure with smaller pores located on the outer side where the silica layer was dip-coated, and pores a few microns in width on the inner side. Generally, when the silica sol was used to directly dip-coat the porous ¡-Al 2 O 3 substrate, the sol penetrated into the pores and even covered the pores completely with increasing rounds of dip-coating. So, it is necessary to prepare the intermediate silica layer on the ¡-Al 2 O 3 substrate. So, it is necessary to prepare the intermediate silica layer on the ¡-Al 2 O 3 substrate. Using the dip-coating process, silica colloids with particle sizes of 4050 nm and 1020 nm were first deposited on the external surfaces of ¡-Al 2 O 3 tubes and formed an intermediate layer. The intermediate layer selectively closed large undesirable pores in the substrate without blocking smaller desirable pores, and so could suppress the penetration of silica sols into the pores and decrease the number of rounds of dipcoating required in the next process. Commercial silica colloids were obtained from Nissan Chemical, Japan. The diameters of silica sol particles for the bottom and intermediate layer coating were 4050 nm and 1020 nm, respectively. The silica sol for the top layer of the membrane was prepared by the solgel method through acid-catalyzed hydrolysis and condensation of tetraethoxysilane (TEOS; Shin-Etsu Co.). The silica sol composition was TEOS:C 2 H 5 OH:H 2 O:HNO 3 = 1:20:2:0.01 in molar ratio. TEOS was mixed with ethanol and placed in an ice bath to avoid premature hydrolysis. Then, the reaction mixture was refluxed at 353 K for 3 h in a water bath under continuous stirring. The reacted mixture was then cooled and prepared for the dip-coating process. A more detailed flow chart is presented in Fig. 1 .
Surface modification of silica membranes was produced using trimethylchlorosilane (CH 3 ) 3 SiCl (C1), dimethylpropylchlorosilane (C 3 H 7 )(CH 3 ) 2 SiCl (C3), dimethyloctylchlorosilane (C 8 H 17 )(CH 3 ) 2 SiCl (C8), dimethyldodecylchlorosilane (C 12 H 25 )-(CH 3 ) 2 SiCl (C12), dimethyloctadecylchlorosilane (C 18 H 37 )-(CH 3 ) 2 SiCl (C18), which were purchased from Shin-Etsu Co., Japan, and used without any further purification. 15) The silica membrane without any organosilane modification is designated C non in this paper. Before performing surface modification, the membranes were vacuum dried at 413 K for 4 h to remove physically adsorbed water, which would hinder surface modification, and to remain the silanol (SiOH) groups on the surface with, which serve as active sites for the attachment of silane groups, as shown in Fig. 2 .
A mixture of 0.5 g of C n H 2n+1 (CH 3 ) 2 SiCl and 120 ml of hexane for C1 and C8 membranes and 120 ml of dry toluene for C3, C12, and C18 was added to round 3-neck flasks immersed in an oil bath at 330 and 383 K, respectively. The silica membranes were completely immersed in these mixtures. After 10 min, 1 ml of pyridine was added to neutralize the reaction product, hydrochloric acid. The suspension was refluxed for approximately 36 h, after which the membranes were removed carefully and refluxed again in hexane or dry toluene for 4 h at 330 and 383 K, respectively, to remove excess alkylsilanes and reaction products. The membranes were then rinsed with ethanol to remove the excess hexane or toluene. The membrane supports were then vacuum dried at 413 K to cure the covalent bonds of grafting. Subsequently, the membrane modulus were prepared and stored in the atmosphere until measurement of pervaporation.
Membrane characterization
The amount of surface modification was analyzed using an elemental analyzer (Perkin-Elmer SeriesII CHNS/O Analyzer 2400), prior to which the ground powder samples were vacuum dried at 413 K for 4 h to release absorbed organic and water molecules. The adsorptiondesorption properties of samples of supported silica membranes were analyzed by the N 2 adsorption desorption method at 77 K (BELSORP-28; Nihon BEL). Surface areas were calculated by the BrunauerEmmetTeller (BET) method and pore size distribution was calculated by the Barrett JoynerHalenda (BJH) method. Thermogravity measurements of the samples of ground powder of mesoporous silica membrane were conducted on a Seiko TG/DTA 320 module operated by Seiko SSC5200 disk station. Temperature programs were run from 293 to 873 K at a heating rate of 5 K/min. The porous alumina tube used as a support for the porous silica membrane has an asymmetric membrane structure that become gradually denser toward the outside of the tube. The part of the outside of the membrane after dip-coating and surface modification plays an important role in separation of organic compounds by PV. Thus, the dense part and/or whole alumina substrate were used for measurement as the pore structure is different between them. The dense part of the substrate can be easily peeled off from the porous alumina substrate.
The weight percentages of carbon on the membrane were calculated as the mean values of three samples on the basis of the results of TG and elemental analysis. On the other hand, the surface modification amount (¯mol·mg ¹1 ) and the surface modification amount (¯mol·m ¹2 ) were evaluated from the micromolar amounts of chemical absorbed carbon per milligram of membrane sample, weight loss data on TGDTA analysis, and N 2 adsorptiondesorption measurements.
The morphologies of the surface and cross-sections of membranes were observed by field emission scanning electron microscopy (FE-SEM; Hitachi S5000) and scanning electron microscopy [SEM, JEOL, JSM5900L VS with energy dispersive X-ray (EDX) analysis]. The surface potential calculations for C1, C3, C8, C12, and C18 were performed at Hartree-Fock/3-21G(*) level utilizing the Spartan program (Spartan'02 for Windows, Wavefunction, Inc.). 16) The pervaporation measurements using an aqueous ethanol solution of 050% (w/w) as a feed were carried out using the apparatus shown in Fig. 3 . The effective membrane area was about 30 cm 2 and the inside of the membrane tube was evacuated through a vacuum line. The permeate vapor was collected by a cold trap cooled with liquid nitrogen. The pressure at the downstream side was kept at approximately¯100 Pa. Composition analysis of the feed and permeate was performed by gas chromatography (Shimadzu GC-14B). During pervaporation measurement, permeate solution was taken from the collection tube and analyzed every 4, 8, and 12 h. For each feed concentration, at least 3 permeate samples were collected to ensure steady-state operation. Feed samples were also taken from the feed tank as the permeate samples were collected. The separation ability of a membrane can be expressed in terms of total permeate flux Q in kg·m ¹2 ·h ¹1 and separation factor ¡. The separation factor ¡ of ethanol over water is defined by the equation below, where y E and y W refer to weight percentages of ethanol component and water at the permeate side, and x E and x W are the corresponding weight percentages at the feed side, respectively. This separation factor, however, is the separation factor of the pervaporation process and is not that of the membrane.
Accordingly, J, the total permeate flux can be calculated as
where J is total permeate flux (kg·m ¹2 ·h ¹1 ), m is the permeate weight (kg), A is the membrane area (m 2 ), and t is the time (h). When acetic acid (HOAc) was added to the ethanolwater feed solution as the ternary system of model biomass fermentation, the pH values of the feed solution were measured using a HANNA 7213-02 pH meter. Samples containing acetic acid were also acidified prior to GC analysis to prevent acetate salts from precipitating in the GC separation column. Acidification was performed by adding 10¯l of 1.2 M HCl per 1.0 ml of feed or permeation samples for GC analysis.
Results and discussion
3.1 Effects of surface modification, microstructure of membrane, and the surface potential of the modifier Surface modification of the silica membrane by substituents with grafted alkyl chains of various lengths has been investigated intensively. Because of the lower boiling points of trimethylchlorosilane and dimethyloctylchlorosilane at 331 and 342 K, respectively, C1 and C8 membranes were surface-modified in hexane at 330 K for 36 h. The observed precipitates on the C1 and C8 porous silica membrane and the bottom of the reaction flask during the modification process would be pyridine hydrochloride because alkylmonochlorosilanes, which can be yielded as dimers, are readily soluble in non-polar solvents and the precipitates were hardly soluble in non-polar solvents, such as toluene and hexane. Due to the higher boiling points of dimethylpropylchlorosilane, dimethyldodecylchlorosilane, and dimethyloctadecylchlorosilane (386, 564, and 454 K, respectively), C3, C12, and C18 membranes were surface-modified in toluene at 383 K for 36 h. The surfaces of modified C3, C12, and C18 membranes were smooth and glossy, as shown in Fig. 4 . Figure 5 shows the relative weight loss of the surfacemodified membranes at temperatures from 298 to 873 K. Between 298 and 873 K, C1, C3, C8, C12, and C18 membranes showed relative weight loss of 11.2, 4.5, 9.3, 4.3, and 3.7%, respectively. Between 298 and 413 K, all membranes showed relative weight loss of less than 1.5 wt %. The precipitate occurring during the surface modification reaction on the porous silica membrane and the bottom of the reaction flask was found to be pyridine hydrochloride. The amounts of this precipitate on the silica membrane and the bottom of the reaction container were sufficient to be seen with the naked eye. The amounts of TG weight loss were much larger due to this precipitation on the C1 and C8 porous membranes. Moreover, during the pervaporation process, the membranes were repeatedly vacuum dried at 413 K to release absorbed water and organic molecules, and the membranes showed stable performance after drying that was JCS-Japan equivalent to their fresh state (see Fig. 7 ). These experimental results confirmed that the covalent bonds between the silanol and organosilane compounds were strong, and the surface-modified membranes were stable at least up to 413 K despite exposure to water vapor and a humid environment with repeated vacuum drying at 413 K. When the amount of pyridine hydrochloride which was calculated on the basis of that of nitrogen obtained from CHN elemental analysis was subtracted from the TG weight losses on C1 and C8 membranes, the relative weight losses of C1 and C8 on TG analysis became 3.5 and 3.1%, respectively.
The N 2 adsorptiondesorption isotherms and pore size distribution were calculated by the BJH method for silica membranes. The results revealed a relatively narrow pore size distribution with a pronounced peak corresponding to pores 1.16 nm in diameter. The adsorption isotherms showed the typical Type IV isotherms, which are generally obtained for mesoporous material. Table 1 shows the properties and amounts of C non , C1, C3, C8, C12, and C18 membrane surface modification. The data for C1 and C8 membranes in Table 1 were indicated as the values which were subtracted the amount of pyridine hydrochloride obtained from the CHN elemental analysis, respectively. Due to the occurrence of precipitation during surface modification, the surface modification amounts of C1 and C8 were actually 3.22 and 3.61¯mol·m ¹2 , respectively, which were much lower than those of C3, C12, and C18 membranes (4.97, 4.49, and 4.14¯mol·m ¹2 , respectively). The pore volume and surface area of C1 and C8 were markedly decreased compared to those of the C non membranes. The reason why C1 and C8 were dominated by the precipitation of pyridine hydrochloride is not readily apparent; however, the pyridine hydrochloride may interrupt the surface modification reaction with organochlorosilanes and silanol (SiOH) groups. For C3, C12, and C18 membranes, the amounts of surface modification tended to decrease with increasing alkyl chain length in organosilane compounds. This may have been due to steric hindrance. From the calculation results, the lengths of methyl (C1 membrane), propyl (C3 membrane), octyl (C8 membrane), dodecyl (C12 membrane), and octadecyl (C18 membrane) groups were 0.2, 0.5, 1.1, 1.6, and 2.4 nm, respectively. With increased alkyl chain length, the alkyl chains were filled in the pores of the membrane, thus specific surface area and pore volume were corresponding decreased for C3, C12, and C18, whereas pyridine hydrochloride was formed instantaneously and mostly on the surfaces of C1 and C8 membranes, specific surface area and pore volume were much higher than C3, C12, and C18, as shown in Table 1 .
The geometries of the trimethylchlorosilane and the trimethylsilane molecules were optimized and electrostatic potential was described on the isoelectric density plane. The molecular structures and surface potential of the trimethylchlorosilane and the trimethylsilane molecules are shown in Fig. 6 . The C1, C3, C8, C12, and C18 modifiers were found to react with silanol groups on the surface of the silica membrane as indicated in the illustration of the surface reaction in Fig. 3 , and the positive electrostatic potential of alkyl groups covered the surface. The dipole moments of C1, C3, C8, C12, and C18 were calculated as 2.75, 2.70, 2.70, 2.69, and 2.69, respectively, and the surface was found to be highly hydrophobic as a surface of oil.
SEM micrographs and corresponding results of EDX analysis are shown in Fig. 7. Figure 7(A) shows a cross-section of the whole Al 2 O 3 support tube. From left to right, there are three Al 2 O 3 layers with thicknesses of about 1100, 200, and 100¯m, respectively. The corresponding pore sizes decrease from several micrometers in the inner layer to a few hundred nanometers in the outer layer. Figure 7(B) shows a surface image of the Al 2 O 3 support tube. Figure 7 (C) shows a cross-section of a silicasupported C18 membrane. The silica membrane can be seen to form a continuous layer about 2¯m in thickness on the Al 2 O 3 support, and the silica colloid sols were seen to penetrate into the pores of the Al 2 O 3 support and form an intermediate layer. Figure 7 Figure 8 shows the time dependence of permeation fluxes and ethanol separation factors (¡) from ethanol/water mixture by pervaporation through C1, C3, C8, C12, and C18 membranes. C1 and C8 membranes showed higher fluxes and relatively lower separation factors than C3, C12, and C18 membranes because Fig. 8 . The permeation fluxes and ethanolwater separation factors (¡ E/W ) vs. time during pervaporation at 313 K through C1, C3, C8, C12, and C18 membranes. The feed solution was 5 wt % ethanol in water as a binary system. All the membranes showed similar trends in that in the initial stage, called the "stable stage", the total flux and separation factors through the membranes were stable, while in the second stage, called the "degraded stage", the separation factor was gradually decreased and corresponding total flux tended to increase. At the degraded stage, all the membranes were vacuum dried at 413 K for 8 h, and pervaporation measurements were then continued. All the membranes showed restoration of the original permeation performance, as in the initial stable step. In Fig. 8 , between the first and second vertical lines and the third and fourth vertical lines, all the membranes were vacuum dried for 8 h. The stability of membranes exposed to water or vapor was also confirmed by this long-term continuous pervaporation experiment, and separation performances could be restored by periodical vacuum drying treatment. Figure 9 shows feed temperature and feed composition dependence of permeation fluxes and separation factors (¡) for 
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(c)
C3 membrane C8 membrane C1 membrane C12 membrane C18 membrane . . pervaporation through C1, C3, C8, C12, and C18 membranes. It was clear that the separate factor was independent of feed temperature, although the permeation flux increased with feed temperature. On the other hand, the separation factor was dependent on feed composition. At low ethanol concentrations (0.5 and 5 wt %), the ethanol molecules were preferentially absorbed in the pores or on the surface of hydrophobic membranes, leading to blockage of adsorption of water molecules, which resulted in relatively higher permselectivity to ethanol and smaller permeation fluxes [see Figs. 9(a) and 9(b)]. However, at higher ethanol concentrations (30 and 50 wt %), the membranes showed relatively lower separation factor for ethanol, and the corresponding permeation fluxes increased [see Figs. 9(c) and 9(d)].
(d)
From the results of these experiments, it was clear that ethanol can be first concentrated from 0.5 wt % ethanol concentration of feed solution to 4.55.5 wt % [see Fig. 9 (a)], and then in the second concentration step from about 5 to 2833 wt % [see Fig. 9 (b)], and then in the third concentration step from about 30 to 5565 wt % through C3, C12, and C18 membranes [see Fig. 9 (c)]. As shown in Fig. 8 , the low-concentration ethanol feed solution (0.5 or 5 wt %) can be concentrated to highconcentration ethanol permeation (about 60 wt %) with appropriate flux by 23 rounds of operation using C3, C12, and C18 membranes, demonstrating the potential for large-scale industrial application.
Effects of organic acid on pervaporation
To investigate the effects of pH on membrane separation performance, the ternary mixtures (1 wt % HOAc5 wt % EtOH 96 wt % H 2 O ternary system) were adjusted to pH 5.5 using 5.0 M NaOH. Figure 10 shows the pH values of feed dependence of permeation fluxes and separation factors (¡ E/W ) for pervaporation through C1, C3, C8, C12, and C18 membranes. Here, the feed solution of pH 7 is for 5 wt % ethanolwater binary mixtures. The experimental results showed that acetic acid of about 1 wt % in ethanolwater mixtures resulted in a steady decrease in permeation performance of membranes. Increasing pH to 5.5 by adding NaOH in acetic acid-containing ethanol aqueous mixtures could compensate for the decrease in permeation performance of membranes, in which the permeation flux and separation factor at pH 5.5 in ternary feed mixtures were equivalent or at least close to those in 5 wt % ethanolwater binary mixtures.
In the original acetic acidethanolwater ternary system, the dissociation reaction of weak acid HOAc was the dominating reaction as follows:
Here, K a É is the dissociation constant of acetic acid, which is 1.8 © 10 ¹5 at 298 K. In this dissociation reaction, only 1.3% HOAc molecules dissociate into H 3 O + and OAc ¹ , and HOAc is the main form in solution. Here, the pK a É of acetic acid is 4.74 at 298 K. When pH increased above 4.74, the ions and molecules formed will change from dissociation into hydrolysis reaction. In our study, the pH value of feed mixtures was adjusted to 5.5 by adding NaOH, and the hydrolysis reaction of the weak acid salt NaOAc was the primary reaction as follows:
Here, K h É is the hydrolysis constant of the weak acid salt NaOAc, which is 5.6 © 10 ¹10 at 298 K. K w É is the dissociation constant of pure water, which is 1 © 10 ¹14 at 298 K. In this hydrolysis reaction, only about 3 © 10 ¹9 mol·l ¹1 HOAc formed in the hydrolysis reaction, and OAc ¹ ions were the predominant form in feed solution.
According to the experimental data of molecules adsorbed on zeolite particles reported previously, 4) the amount of acetic acid adsorbed at pH 6 was about 14% of the amount adsorbed at pH 3. Our experimental results confirmed that increasing pH above pK a É in acetic acid-containing feed solution could minimize the impact of acetic acid on separation performance of hydrophobic silica membranes. This might be due to OAc ¹ as it is more difficult for dissociated ions to absorb onto the hydrophobic silica membranes than for acetic acid molecules. In the presence of acetic acid, increasing the pH of feed solution might decrease the adsorption ability of acetic acid molecules on the surface of membrane, and ethanol adsorption and transportation during the pervaporation process were found to be predominant.
Conclusions
A multi-layer silica membrane, consisting of an intermediate layer and a mesoporous layer, was dip-coated on the surface of commercially asymmetric alumina tube and surface modified by different alkyl chain lengths. The multi-layered structure made possible the formation of a quite thin and mechanically strong separation layer with few defects. Surfaces modified with different alkyl chain lengths showed preferential permeability for ethanol over water.
The recovery of ethanol from model biomass fermentation by pervaporation was found to be feasible at lower ethanol concentrations, such as 0.5 and 5 wt %, using surface modified mesoporous silica membranes. Using these membrane, about 60 wt % ethanol recovery was obtained from 0.5 wt % ethanol feed composition after 2 rounds of recirculation. High permeate flux was also obtained for this type of mesoporous silica membrane compared to zeolite or polymer membranes related to ethanol recovery reported previously.
When acetic acid was present in model fermentation mixture, the permeate performance of membranes showed a steady decrease, involving permeate flux and separation factor. Increases in pH value above pK a É in acetic acid-containing model fermentation could compensate for the decrease in permeation performance of membranes, in which the permeation flux and separation factor at pH 5.5 in ternary feed mixtures were equivalent or at least close to those of 5 wt % ethanolwater binary mixtures. This might be because OAc ¹ as dissociated ions do not absorb onto the hydrophobic silica membranes as easily as acetic acid molecules. Further studies are required to confirm this hypothesis.
